Objectives-To assess intraexaminer and interexaminer reliability of 3-dimensional fetal sonographic measurements.
P revious work has suggested that 3-dimensional (3D) sonography may facilitate more accurate assessment of fetal weight (either in addition to, or replacing, standard 2-dimensional [2D] biometry), with measurements such as the inclusion of fractional limb volume in 2D fetal weight estimation formulas. [1] [2] [3] It is also proposed that the volume-rendering capabilities of 3D sonography will result in more accurate, precise, and standardized measurements, which are particularly important in improving estimations of fetal weight in the late third trimester. 4 There is also the potential for using 3D sonography to measure fetal volumes at earlier gestations to enable calculation of ideal third-trimester growth trajectories. 5 This particular use of 3D sonography, using the fractional thigh volume and Rossavik growth models in individualized growth assessment, has been prospectively evaluated in a normal-pregnancy population and showed good prediction of thirdtrimester growth from second-trimester measurements. 6, 7 Other studies examining placental volumes in the first-trimester have demonstrated that 3D methods are superior when compared to 2D sonography with regard to the accuracy of volume measurements. 8 Placental volumes have been evaluated in an attempt to enable earlier detection of those pregnancies resulting in small-for-gestational-age neonates, early-onset intrauterine growth restriction, and preeclampsia. [9] [10] [11] [12] Sonographic volume calculations have now been described in a variety of fetal organs and structures. [13] [14] [15] [16] [17] [18] [19] [20] In most cases, they are achieved by manual organ segmentation using 1 of 2 methods: the multiple-parallelplane method (multiplanar) or rotational Virtual Organ computer-aided analysis (VOCAL; GE Healthcare, Zipf, Austria). 21 The VOCAL technique has the advantage of being quicker, and allowing the modification of the outline of the organ which is particularly useful for fetal organs with irregular shapes. 17 More recently, fetal volumes have also been assessed by the extended imaging VOCAL technique, 18, [22] [23] [24] with good in vitro reproducibility in some structures. 18 This technique is similar to the multiplanar method, but there is a fixed interval of slices taken through a particular object. 17 A disadvantage of this method is that it does not take into account the up-and-down contours of an irregular object. 24 Therefore, although this method can be used interchangeably between some VOCAL and multiplanar techniques for regular volumes such as the fetal thigh, 22 its results seem less valid when assessing irregular structures such as placental volumes. 23 Accurate 3D volume acquisition is dependent on the quality of the 2D image and as such is very operator dependent. This factor increases the likelihood of random measurement error and methodological inconsistencies between studies. A recent reliability study comparing biometry and fetal weight estimation using 2D and 3D sonography concluded that measurements performed with 3D sonography were less influenced by random errors. 25 However, that study examined standard 2D measurements, such as biparietal diameter, abdominal circumference, and femur length, obtained from 3D acquired data sets in a standardized multiplanar view, rather than measuring fetal volumes. Measurement reproducibility must be assessed by using a robust method with a minimum of 2 different observers with appropriate statistical analysis. 21 The aim of this study was to assess measurement reliability of 3D fetal and placental volume measurements within and between examiners on the same occasion in the second and third trimesters.
Materials and Methods

Study Population
Between January and June 2014, intraexaminer and interexaminer reliability of fetal and placental volume measurements was assessed in a single tertiary referral unit (St Mary's Hospital). This reliability study was part of a longitudinal prospective cohort of 122 women, that measured fetal and placental biometry at 14 to 16, 20 to 23, 26 to 28, and 34 to 36 weeks. Women with healthy uncomplicated pregnancies were approached and given verbal and written information when they attended for their booking 12-week scan appointments. The exclusion criteria were any fetus subsequently shown to have a serious congenital abnormality, pregnancies with multiple gestations, and maternal medical conditions that are known to affect growth, including maternal diabetes, chronic hypertension, renal disease, and antiphospholipid syndrome. For this reliability substudy, scans were performed at the targeted gestation windows (21-23 and 26-28, and 34-36 weeks) on consecutive women who were attending as part of the larger prospective study over a 6-month period. Women were only included at a single gestation window, with a target sample of 40 women. All pregnancies were accurately dated by sonography (fetal crown-rump length measurements) before 14 weeks' gestation. None of the pregnancies were dated by the last menstrual period for the purposes of the study. The study was approved by the Greater Manchester East National Research Committee (reference 10/H1013/9), and all participants were enrolled after giving written informed consent.
Sonographic Data Collection
All 3D sonography was performed by 2 Royal College of Obstetricians and Gynecologists-accredited sonographers (L.E.S. and L.E.H.) using a Voluson E6 ultrasound system (GE Healthcare) with 3D 4-8-MHz curvilinear probe. Three-dimensional organ volumes (placenta, head, kidney, total thigh, and fractional thigh volumes at 20-23 weeks; and head, kidney, total thigh, and fractional thigh volumes at 26-28 and 34-36 weeks) were acquired during each trimester. Intraoperator and interoperator reproducibility was assessed in 25 women in the second trimester and 33 women in the third trimester for the following sonographic measures: 3D fractional thigh volume, total thigh volume, head volume, kidney volume, and placental volume by a VOCAL technique with manual delimitation. Excluding placental volume, which was only assessed in the second trimester, reliability was assessed at different gestational age time points in the second and third trimesters of pregnancy to evaluate previously reported increased interexaminer percentage differences when measuring smaller fetal organ volumes. 26 Automated volume measurements were obtained with the Voluson 4D View tool. Each participant had a minimum of 2 volume calculations for each of the different measures, performed on separately acquired volumes. Before the study, both examiners underwent 3D volume training with GE specialist sonographers (trained specialists working GE Healthcare), detailing practical use of the Voluson E6 system and 4D View analysis software. After this training, the examiners went on to perform 200 (L.E.S.) and 250 (L.E.H.) 3D volume acquisitions. In addition to 3D volumes, both examiners performed 700 (L.E.S.) and 500 (L.E.H.) 2D biometric scans in the year before the study commenced. During the study, examiner 1 (L.E.S.) performed growth measurements on the fetus using 2D sonography and acquired 3D volume data sets for later evaluation. Once all of the data had been acquired, examiner 1 then left the examination room, and examiner 2 (L.E.H.) entered to perform an examination to acquire the 3D volume data sets for determination of interexaminer reliability and agreement. Afterward, examiner 1 then reentered the room and repeated the same examination to acquire the 3D volume data sets only for the evaluation of intraexaminer reliability and agreement. A series of 3 measurement sets were obtained (L.E.S.1, L.E.H., and L.E.S.2). The examiners were not blinded to the clinical information or the name of each participant at the time of examination. However, volume measurements did not appear on the screen at the time of the sonographic scan. The initial acquisition for examiner 1 took approximately 20 minutes, with the following further 2 examinations taking 15 minutes each, resulting in a total evaluation time of 50 minutes for each participant. Image data were archived on digital media for subsequent offline analysis and were analyzed in a random order, blinded to patient identity, gestation, and image pairing. Offline analysis took approximately 2 to 5 minutes to estimate each fetal volume. Intraexaminer variation was assessed by comparison of L.E.S.1 and L.E.S.2 values, whereas interexaminer reliability was assessed by comparison of L.E.S.1 and L.E.H. values. 27 Each volume was only measured once and image analysis methods are described below.
Fractional Thigh Volume Acquisition
This technique has previously been described by Lee et al. 16 Image depth and magnification were adjusted for the volume of interest so that it filled at least two-thirds of the display screen. Each fractional thigh volume acquisition was acquired from a sagittal sweep of the entire femoral diaphysis. The volume was opened in the multiplanar mode with the sagittal view displayed in plane A, the axial view in plane B, and the coronal view in plane C. Volume measurements were based on 50% of the femoral diaphysis (fractional thigh volume) length. The femur diaphysis length was measured in the sagittal plane, and each volume was automatically subdivided into 5 equidistant slices that were centered along the midthigh. Soft tissue borders were enhanced by the use of a color filter (sepia) with additional gamma curve adjustments for brightness and contrast. Fractional thigh volumes were calculated after each of the 5 slices were manually traced from a transverse view of the extremity ( Figure 1 ).
Virtual Organ Computer-Aided Analysis
For this technique, the fetal organ of interest (thigh, kidney, head, or placenta) was displayed on the screen in 3 orthogonal planes ( . Plane A (top left image) was selected in the multiplanar display; the fetal organ outline was highlighted manually in that plane; and the volume estimates were computed by the VOCAL program with a manual trace at 308 of rotation. The outer aspects of the different fetal organs were drawn on every image displayed sequentially in this plane. At the end of the 1808 rotation, the volume was automatically calculated by the custom software. 28 For placental volumes, the sweep angle of the ultrasound transducer was adjusted to a maximum Simcox et al-Variability in 3D Fetal Volume Measurements of 858 to ensure that the whole placenta could be captured in its entirety in a single 3D sweep. 29 For kidney volume acquisition, a coronal section of the fetal kidney with the organ proximal to the transducer and distal to the fetal vertebral column (to avoid acoustic shadowing) was identified by 2D sonography, and the volume box was adjusted accordingly to scan the entire kidney. 19 Sweep angles were adjusted from 308 to 608 for fetal kidneys and from 658 to 858 for acquisition of fetal head and thigh images depending on gestation. The justification for using 308 for VOCAL rotational slices was largely based on previous literature that revolved around the use of this method and that showed good reliability. 14, 19, 28, 30, 31 This method also has the advantage of being more time efficient and applicable in all 3D sonographic equipment, therefore increasing potential transferability into clinical practice. 17 
Statistical Analyses
Statistical analyses were performed at 20 to 23 and 28 to 36 weeks (the latter gestation period combining the 26-to 28-week visits with the 34-to 36-week visits from the wider study). Analyses were conducted with Prism version 6.03 software (GraphPad Software, San Diego, CA) and SPSS version 22.0 software (IBM Corporation, Armonk, NY). Interexaminer and intraexaminer agreement was assessed with Bland-Altman plots. 32, 33 The random error as a measure of precision/reproducibility was assessed using the percentage difference, calculated as the difference between the measurements obtained by the examiners divided by the average of the measurements multiplied by 100. This value describes the mean percentage difference between the measurements and is presented with the 95% limits of agreement. The more precise the measurement, the smaller the difference. The systematic bias/error as a measure of accuracy was assessed with the 95% confidence intervals (CIs) of the mean percentage difference; if 0 lay within the 95% CIs of the mean difference, we concluded that there was no systematic bias. 23 Interexaminer and intraexaminer reliability was also assessed by using absolute-agreement 2-way mixed intraclass correlation coefficients (ICCs), 34 which were interpreted as follows for fetal measurements: greater than 0.998, very good; 0.99 to 0.998, good; 0.98 to 0.989, moderate; 0.95 to 0.979 poor; and less than 0.95, very poor. 
Results
The median (range) gestational ages at the sonographic examinations in the 25 pregnant women examined in the second trimester and the 33 women in the third trimester were 23 (21-23) and 33 (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) weeks, respectively. Demographics of the study participants are summarized in Table 1 . In the second-trimester kidney volume measurements, 9 volumes were excluded in the interexaminer reliability analysis, and 4 volumes were excluded in the intraexaminer reliability analysis because of suboptimal image quality and an inability to define the correct measurement plane.
Bland-Altman plots of the second-trimester and third-trimester volume measurements are presented in Figures 6-9 , respectively. Intraexaminer reliability is shown in Table 2 , and interexaminer reliability is shown in Table 3 . For all measurements, intraexaminer variability was smaller than interexaminer variability. A systematic bias was noted between the examiners for the measurement of second-trimester placental volume (as reflected by a 95% CI of a mean that did not cross 0), with one examiner systematically generating larger volumes. There also appeared to be a systematic bias in interexaminer third-trimester head volume measurements (mean bias, -10.6) on visual inspection of the Bland-Altman plot, but it was not significantly different from 0. The measurement of random error, as reflected by the 95% limits of agreement of the mean intraexaminer and interexaminer differences on the BlandAltman plots, was relatively large for all measurements apart from head volume and fractional thigh volume (maximum values for interexaminer differences were 640%, and those for intraexaminer differences were 630%). The random measurement error was largest for the second trimester interexaminer kidney volume measurements (95% limits of agreement, 6 110%), and the best agreement was for third-trimester intraexaminer fractional thigh volume measurements (95% limits of agreement, 6 10%). To put these findings into context, this value would reflect a difference of 614 to 16 cm 3 in kidney volumes of 10 to 30 cm 3 , whereas for fractional thigh volume, this value represents a difference of 2 to 3 cm 3 in thigh volumes of 50 to 60 cm 3 and, hence, would significantly affect measurement precision for kidney volumes. In comparison, random error measurements for 2D biometry are less than 610% (eg, a difference of 610 mm in abdominal circumference measurements of 250-350 mm). 36 This random error appeared to decrease with advancing gestation when fetal volumes were larger in all fetal volume measurements apart from head volume, for which it remained similar in both the second-and third-trimester measurements (Tables 2 and 3) .
Second-trimester ICC results were all greater than 0.75, apart from kidney volume intraexaminer and interexaminer measurements and placenta interexaminer measurements, which were 0.374, 0.061, and 0.390, respectively. Third-trimester ICC results were higher for all volume measurements. The best values were 
Discussion
Previous studies of 3D sonographic parameters have been criticized for the lack of robust methods to assess measurement variability. 21, 33, 37 We sought to address this shortcoming by performing a prospective study that examined both interobserver and intraobserver agreement of several different fetal volumes at varying gestational ages by 2 different sonographers blinded to each other's measurements.
Our findings indicate that fractional thigh volume would be the most reliable of the 3D measurements Figure 7 . Intraobserver reliability of second-trimester volume measurements using Bland-Altman plots.The average of both readings from a single observer is shown on the x-axis and the between-reading difference (expressed as a percentage from the quotient of the difference between readings divided by the average of both readings) on the y-axis. Notations are as in Figure 6 . assessed in this study of fetal growth, given that overall, the error associated with these measurements was the smallest and had the best agreement, as reflected by the ICC values and Bland-Altman plots. We therefore propose that these could be used either longitudinally to model individual growth trajectories or cross-sectionally as a one-off measurement at 34 to 36 weeks to help identify those fetuses with late-onset growth restriction. The ability to analyze the fractional thigh volume on only a limited number of ultrasound machines and the requirement for offline image analysis would currently limit the more-widespread application of this measurement. Intraclass correlation coefficient values from our study in the third trimester of pregnancy were very similar to ICC values obtained in previous studies for 2D fetal measurements, such as head and abdominal circumference, biparietal diameter, and femur length (0.943-0.992). 38 Similar measurement reliability for fractional thigh volume has been reported in studies by Lee et al 16 and Yang et al. 1 We did find a higher random measurement bias in the second-trimester fractional thigh volume measurements (interexaminer, 6 40%; and intraexaminer, 6 25%). This finding may have been because inaccuracies in caliper placement on the thigh volume image are more pronounced at smaller fetal volumes. 26 Both Bland-Altman plots and ICC values showed that both interexaminer and intraexaminer reproducibility appeared to increase slightly with gestational age and the subsequent increasing size in most fetal volumes apart from VOCAL thigh volume measurements and interexaminer head volume measurements. This increase in measurement reliability with gestational age has been commented on in previous studies using both 3D and Figure 8 . Interobserver reliability of third-trimester volume measurements using Bland-Altman plots. The average of both observers' readings is shown on the x-axis and the between-observer difference (expressed as a percentage from the quotient of the difference between observers divided by the average of both readings) on the y-axis. Notations are as in Figure 6 . 26, 39 and may be attributed to betterdefined measurement planes at higher gestations as fetal volumes increase.
2D sonography
In this study, interexaminer reliability for placental volume at 23 weeks' gestation was poor, with an ICC value of 0.390 and a systematic measurement bias of 44.3 with 95% limits of agreement of 2.8 to 85.8. Similar results have been reported by Jones et al 29 at 12 weeks using a VOCAL 98 rotation step method, with an ICC of 0.590 and random measurement error of 637%. Figure 9 . Intraobserver reliability of third-trimester volume measurements using Bland-Altman plots. The average of both readings from a single observer is shown on the x-axis and the between-reading difference (expressed as a percentage from the quotient of the difference between readings divided by the average of both readings) on the y-axis. Notations are as in Figure 6 . However, other studies assessing placental volume have shown better interobserver ICC values (0.85-0.90) with systematic biases close to 0 and low random measurement errors. 8, 23, 40 These differing results may relate to the early gestation (first or early second trimester) at which these studies was performed, as placental volumes are substantially smaller at these gestations. Other studies that have looked at 3D placental volumes after 20 weeks' gestation have either not conducted a reliability analysis, 10 only reported ICC values, 14 or analyzed intraexaminer reliability only. 41 Our results agree with previous work 8 and likely reflect the fact the placenta is often too large after 20 weeks to capture on an entire 3D sweep using the VOCAL rotational technique; therefore, the chance of a systematic bias and random measurement error is increased. Possible methods to improve measurement reliability would be to image placentas on the posterior uterine wall only, as these are more likely to fit in a single 3D sweep, 41 to use the multiplanar method for image analysis, 8 or to reduce the rotation angle of VOCAL to 158 or 128, as this approach has been previously shown to reduce the random measurement error. 23 It would, however, increase the time taken to perform the image analysis.
29
There are few studies that examines fetal renal volume in the context of normal pregnancy, the focus being on sonographic assessment of renal pelvic dilatation and parenchymal volume as prognostic indicators in congenital uropathies. [42] [43] [44] Yu et al 45 produced normal ranges for fetal kidney volumes at different gestations ranging from 20 to 40 weeks but did not perform a reliability analysis. Yoshizaki et al 19 performed a reliability analysis of right and left kidney volumes in 50 fetuses using a VOCAL technique. They were able to show excellent intraexaminer and interexaminer agreement using a Bland-Altman analysis (interexaminer absolute limits of agreement of 64-5 cm 3 for right and left kidney volumes). However, all 3D sonographic examinations in that study were performed by the same examiner, and interexaminer agreement was not assessed by having separate examiners acquire their own individual images of the kidney volumes. Our results showed poor intraobserver and interobserver reliability with very high random measurement error in both the second and third trimesters, but it was worse in the second trimester. This finding was likely due to the difficulty in acquiring images with a clear organ border as a result of acoustic shadowing from other structures, lack of measurement technique standardization, and the relatively smaller size of the organ.
Most studies looking at 3D fetal brain volume in the second and third trimesters have not assessed interexaminer reliability. To our knowledge, there are no studies in the literature that report reliability analyses for 3D fetal head volume measurements in pregnancy. In a study by Roelfsema et al, 13 which looked at 3D measurement of the normal fetal brain volume from 18 to 34 weeks' gestation, intraexaminer reliability was good, with coefficients of variation for 3D fetal brain volume measurement of 10.2% for repeated tests within women and 2.2% for analyses of the same recorded volume. Similarly, in another study by Schiessl et al 46 examining 10 images for reliability of fetal brain volumes, liver volumes, and myocardial mass, coefficients of variation were 2.46 and 11.80 for intraexaminer and interexaminer variability of brain volume measurements, respectively. In the former study, the authors reported a 9% failure rate for obtaining a technically successful head volume measurement because of the limited size of the recorded volume and position of the fetal head. 13 In the latter study, although image acquirement was feasible in all 104 fetuses examined, offline image analyses could only be performed in 66% of cases. 46 We report similar results, with excellent intraexaminer agreement in both the second and third trimesters of pregnancy but poor interexaminer reliability with a high systematic measurement bias, as reflected by the Bland-Altman plots rather than the ICC values. These results reflect the increasing difficulty of being able to obtain an accurate 3D sweep of the entire fetal head as gestation advances and also situation of the head in the pelvic region, where it is harder to obtain the correct image.
Our reliability results for VOCAL thigh volume measurements showed a higher random error, as expressed by wide limits of agreement, especially for second-trimester measurements, and more pronounced values for interexaminer agreement in the third-trimester measurements. These findings are in contrast to a previous study that examined VOCAL thigh volume measurements from 30 to 42 weeks' gestation and found that the 95% limits of agreement for both interexaminer and intraexaminer reliability were 67%. 28 However, another study using a different method to measure fetal thigh volume longitudinally found a similar higher random measurement error, with 95% limits of agreement of 632% for intraexaminer measurements and 658% for interexaminer measurements. 26 This wide variation in measurement repeatability may be due to the technical limitations of trying to manually trace the soft tissue borders near the ends of the bone shaft, where acoustic shadowing is more pronounced. Another study by Araujo J unior et al 22 supported this theory by suggesting that measurement planes obtained during the volume acquisition using the extended imaging VOCAL method are much better delimited and therefore more reproducible than the standard VOCAL technique.
One of the key strengths of this study was that images were obtained in a busy clinic setting by adequately trained sonographers but nonexperts in the field of 3D sonography, which is more representative of a real-world clinical situation. A limitation of this study was that measurement reliability was only assessed between 2 different operators. This factor does not accurately reflect current clinical practice, whereby there are a number of different trained sonographers in most scanning departments. Another limitation was the ability of the study to estimate the random error, since measurements were only repeated once for each examiner. This limitation could be improved by obtaining an average of multiple fetal volume measurements taken by the same examiner but would not reflect routine sonography practice, where single measurements are preferred. Furthermore, although both examiners underwent training and were experienced in both performing 2D and 3D sonography, it is possible that smaller random errors would be associated with further experience.
In conclusion, fractional thigh volume is a measurement that can be accurately and reliably measured throughout pregnancy and may be a means of monitoring and detecting fetal growth problems, especially in the case of late-onset fetal growth restriction. The measurements of other fetal volumes assessed in this study, including placenta, head, kidney, and thigh measured by a VOCAL technique, showed poor reliability, and these finding must be considered when interpreting studies of fetal growth. Further work could concentrate on comparing reliability of 2D biometric measures with 3D biometric measures and estimated fetal weight calculations in the late third trimester within a busy clinic setting, with several different examiners.
